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Abstract: High-performance concrete (HPC) has specific performance advantages over conventional
concrete in strength and durability. HPC mixtures are usually produced with water/binder mass ratios (mW/mB)
in the range of 0.2-0.4, so volume changes of concrete as a result of drying, chemical reactions, and
temperature change cannot be avoided. For these reasons, shrinkage and cracking are frequent phenomena. It
is necessary to add some types of admixture for reduction of shrinkage and cracking of HPC. This study used
a shrinkage-reducing admixture (SRA) for that purpose. Concrete was prepared with two different mW/mB
(0.22 and 0.40) and four different mass fractions of SRA to binder (w(SRA) = 0%, 1%, 2%, and 4%). The
mineral admixtures used for concrete mixes were: 25% fly ash (FA) and 25% slag by mass of binder for the
mixture with mW/mB = 0.40, and 15% silica fume (SF) and 25% FA for the mixture with mW/mB = 0.22. Tests
were conducted on 24 prismatic specimens, and shrinkage strains were measured through 120 days of drying.
Compressive strength, splitting strength, and static modulus of elasticity were also determined. The results
show that the SRA effectively reduces some mechanical properties of HPC. The reductions in compressive
strength, splitting tensile strength, and elastic modulus of the concrete were 7%-24%, 9%-19%, and 5%-12%,
respectively, after 90 days, compared to concrete mixtures without SRA. SRA can also help reduce drying
shrinkage of concrete. The shrinkage strains of HPC with SRA were only as high as 41% of the average free
shrinkage of concrete without SRA after 120 days of drying.
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1 Introduction
HPC is concrete that meets specific performance standards of high workability, high density,
high strength, low permeability, high resistance to some forms of attack, and long-term durability
(Nawy 2001). However, it often fails to meet all of these standards if concrete mixtures are not
produced with low mW/mB (0.2-0.4), and if highly-active pozzolans such as SF, FA, and slag are
incorporated. In these cases, HPC undergoes significant autogenous shrinkage, drying shrinkage
and cracking, because changes in the volume of concrete occur as a result of drying, chemical
reactions, and temperature change, especially if sufficient curing time is not provided (ACI
Committee 209 1992).
Various alternatives have been proposed to reduce the potential for shrinkage cracking,
including the use of concrete with a lower mW/mB, increased attention to curing practices that
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reduce evaporation or provide external water (Lepage et al. 1998), optimization of the mixture
proportions to increase the aggregate volume fraction (Mindess and Young 1981), and
application of internal curing using lightweight aggregates (Weber and Reinhardt 1997; Van
Brugel et al. 2000; Lura et al. 2004). Some researchers have used expansive additives to
counteract shrinkage (Enyi and Huizhen 1994; Hori et al. 1998).
One alternative method is to improve the crack-arresting mechanisms in cement-based
materials. It has been shown that fibers, even in low volume, can reduce crack widths and
increase material resistance to cracking. The addition of randomly distributed short fibers has
recently been shown to arrest shrinkage cracking. Several different fiber types have been tested,
including steel (Swamy and Stavrides 1979; Paillere et al. 1989; Grzybowski and Shah 1989),
polypropylene (Krenchel and Shah 1987), and natural fibers (Sarigaphuti et al. 1993).
In field applications, approaches to reducing drying shrinkage range from optimization of
mixture proportions (by minimizing water content, selecting high quality aggregate, etc.) to
utilization of shrinkage-compensating cement. When environmental conditions are quite severe
(e.g., high temperature, low humidity, high wind velocity), reducing shrinkage and cracking
becomes very difficult. In the case of using shrinkage-compensating cement, due to the increase
of enttringite formed during the early hydration stages, rapid slump loss is often observed and
can be problematic (Mehta 1986), so that the concrete becomes unacceptable for applications.
This study focused on the use of SRA as an alternative approach to counteracting shrinkage
cracking. SRAs decrease the surface tension of water in the mixture, which causes a decrease in
the capillary stresses formed in the porous microstructure, and a less significant reduction of
volume. In addition to influencing drying shrinkage, this reduction in surface tension can
potentially be used to reduce the early evaporative loss of water (Rongbing and Jian 2005; Bentz
el al. 2001). Thus, using SRAs to reduce shrinkage of concrete is an effective approach to
minimizing drying shrinkage by reducing short-term and long-term drying shrinkage.
The goals of this study were to assess the effects of SRA on mechanical properties of HPC,
including fresh concrete properties, compressive strength, splitting tensile strength, and elastic
modulus. In addition, the benefits of SRA to reducing the drying shrinkage of HPC are also
reported.
2 Materials, experimental program and test methods
2.1 Materials
2.1.1 Cement
Portland cement (C) with a 42.5 grade from the Nanjing Jiangnan Cement Plant was used.
The compressive strength of the cement was 49.7 MPa after 7 days and 60.1 MPa after 28 days
according to GB/T 17671ü 1999 (CBMIA 1999). The chemical composition and physical
properties of the cement are presented in Table 1.
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Table 1 Chemical composition and physical properties of Portland cement
Mass fraction of main chemical composition (%) Density
(g/cm3)
Specific surface
(m2/kg)w(SiO2) w(Al2O3) w(CaO) w(MgO) w(Fe2O3) w(SO3) w(Loss)
20.60 5.03 64.11 1.46 4.38 1.72 1.18 3.15 450
2.1.2 Mineral admixtures
The mineral admixtures used for concrete mixtures included SF, FA, and slag. The
chemical composition and physical properties of the mineral admixtures are shown in Table 2.
Table 2 Chemical composition and physical properties of SF, FA, and slag
Mineral
admixture
Mass fraction of main chemical composition (%) Density
(g/cm3)
Specific surface
(m2/kg)w(SiO2) w(Al2O3) w(CaO) w(MgO) w(Fe2O3) w(SO3) w(Loss)
SF 93.15 0.97 1.01 0.43 0.88 0.50 1.50 2.10 24 000
FA 49.39 33.36 4.92 4.13 0.85 1.96 2.49 2.20 615
Slag 33.12 11.80 1.17 34.95 10.75 0.69 1.23 2.89 439
2.1.3 Fine aggregate
Natural sand was used as fine aggregate in this study. The properties of the fine aggregate
are shown in Table 3.
Table 3 Properties of fine aggregate (sand)
Bulk specific gravity of oven-dry basis
(g/cm3)
Bulk density
(g/cm3)
Absorption
(%) Fineness modulus
2.66 1.65 1.50 2.90
2.1.4 Coarse aggregate
The crushed quartzite stones used as coarse aggregate in this study were composed of
size 5-10 mm stone (60%) and size 10-20 mm stone (40%). The physical properties of the
coarse aggregate are shown in Table 4.
Table 4 Properties of coarse aggregate
Bulk specific gravity of oven-dry basis
(g/cm3)
Bulk density
(g/cm3)
Absorption
(%)
2.76 1.70 0.50
2.1.5 Chemical admixtures
A SRA and a high-range water-reducing admixture (HRWR) were identified and evaluated
in this study. Table 5 lists the properties of these admixtures including their designations, brand
names (trade names), chemical names, color, and specific gravity. These admixtures were
obtained from the Jiangsu Bote Advanced Materials Co., Ltd.
Table 5 Properties of chemical admixtures
Admixture
designation Brand name Chemical name or ingredient Color
Specific gravity
(g/cm3)
HRWR PCA-I Poly-naphthalene sulfonate Dark brown 1.04
SRA JMSBT-SRA Glycol ether Light yellow 1.02
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2.2 Experimental program
To understand the influence of SRA on drying shrinkage and mechanical properties of HPC,
different concrete mixtures with two different mW/mB (0.22 and 0.40) and four different w(SRA)
(0%, 1%, 2%, and 4%) were tested. Three mineral admixtures were used in this study: SF, FA, and
slag. The mineral admixture that contains 25% FA and 25% slag was used for the mixture with
mW/mB = 0.40, and the one that contains 15% SF and 25% FA was used for the mixture with
mW/mB = 0.22. Content of ingredients in HPCmixture is summarized in Table 6.
Table 6 Content of ingredients in HPC mixture under different mW/mB
mW/mB
Content of ingredient (kg/m3)
FA SF Slag Cement Coarse aggregate Fine aggregate Water HRWR (PCA-I)
0.40 100 0 100 200 1 110 740 160.0 2.8
0.22 155 93 0 372 1 150 630 136.4 15.5
2.3 Test methods
The concrete was mixed in a forced mixer. The slump test was carried out in accordance with
ASTM C 143/C 143M-03 (ASTM Committee C09 2003a). The unit weight of concrete was
measured according toASTM C 138/C 138M-01 (ASTM Committee C09 2001).
Compressive strength and splitting tensile specimens were prepared and tested after 3, 7,
28, and 90 days using 100 mm × 100 mm × 100 mm cubic moulds in accordance with GBJü
82-85 (MURCEP 1985). Concrete prisms (100 mm × 100 mm × 300 mm) conforming to
ASTM C469-02 (ASTM Committee C09 2002) and GB/T 50081ü2002 (CABR 2002) were
cast to measure the elastic modulus after 7 and 28 days. After 24 hours, the specimens were
demoded and moist-cured at 20ć and 100% relative humidity until testing. Concrete
specimens (100 mm × 100 mm × 515 mm) were cast to measure free shrinkage according to
ASTM C 157/C 157M-03 (ASTM Committee C09 2003b). After mixing, the mixture was
placed in the molds, vibrated, and then sealed with a plastic film for 24 hours. The specimens
were removed from the molds and stored thereafter at 20ć and 50% relative humidity. In the
first few weeks, the length change measurements were made on a daily basis. After that, the
length change and the shrinkage strains were measured periodically up to 120 days of drying.
3 Results and discussion
The test results for fresh concrete with the various mixtures are presented in Table 7. The
data show that the addition of SRA causes an increase in slump. It should be mentioned that
another option could have been to maintain a constant HRWR dosage and reduce the mixing
water to obtain the desired workability when using SRA for these mixtures. The unit weight of
concrete mixtures decreases with the increase in SRA, indicating reduction in mechanical
properties of concrete.
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Table 7 Test results of fresh concrete
mW/mB w(SRA) (%) Unit weight(kg/m3) Slump (cm) mW/mB w(SRA) (%)
Unit weight
(kg/m3) Slump (cm)
0.40
0 2 380 21.4
0.22
0 2 520 14.2
1 2 370 21.8 1 2 520 14.2
2 2 270 22.0 2 2 490 14.8
4 2 150 23.4 4 2 450 15.3
The results of compressive strength, splitting tensile strength and elastic modulus of
concrete are shown in Tables 8 through 10.
Table 8 Test results of compressive strength of concrete
Drying time
(d)
Compressive strength cf ′ (MPa)
mW/mB = 0.40 mW/mB = 0.22
w(SRA) =
0%
w(SRA) =
1%
w(SRA) =
2%
w(SRA) =
4%
w(SRA) =
0%
w(SRA) =
1%
w(SRA) =
2%
w(SRA) =
4%
3 21.42 21.19 18.73 16.50 62.35 60.74 54.02 50.25
7 37.50 36.75 36.24 31.69 75.69 74.54 69.08 57.68
28 57.94 56.90 56.79 52.31 106.49 99.85 99.05 88.45
90 71.93 68.93 68.62 61.86 112.26 109.47 100.18 98.36
Table 9 Test results of splitting tensile strength of concrete
Drying time
(d)
Splitting tensile strength spf ′ (MPa)
mW/mB = 0.40 mW/mB = 0.22
w(SRA) =
0%
w(SRA) =
1%
w(SRA) =
2%
w(SRA) =
4%
w(SRA) =
0%
w(SRA) =
1%
w(SRA) =
2%
w(SRA) =
4%
3 1.89 1.88 1.85 1.58 4.54 3.84 3.83 3.69
7 2.75 2.53 2.34 2.28 5.22 4.77 4.69 4.68
28 4.46 4.30 4.38 4.26 6.56 6.34 6.27 5.95
90 5.15 4.85 4.62 4.48 7.40 7.15 6.57 6.05
Table 10 Test results of elastic modulus of concrete
Drying time
(d)
Elastic modulus cE (GPa)
mW/mB = 0.40 mW/mB = 0.22
w(SRA) =
0%
w(SRA) =
1%
w(SRA) =
2%
w(SRA) =
4%
w(SRA) =
0%
w(SRA) =
1%
w(SRA) =
2%
w(SRA) =
4%
7 35.82 35.51 34.06 31.26 46.60 46.48 46.00 40.62
28 41.85 41.75 40.22 38.69 49.71 48.98 48.20 48.08
The results in Tables 8 through 10 show that the mechanical properties of HPC decrease with
an increase in SRA. Table 8 shows that the average compressive strengths of concretes containing
1%, 2%, and 4% of SRA after 90 days were, respectively, 4%, 5%, and 14% (mixture with mW/mB
= 0.40), and 2%, 11%, and 12% (mixture with mW/mB = 0.22), lower than those of corresponding
concrete mixtures without SRA. However, if the superplasticizer (HRWR) dosage had not been
kept constant and the amount of mixing water had not been decreased to attain the same slump, the
difference in compressive strength would have been small even with the addition of SRA.
The specimens containing SRA showed 3%-9% (w(SRA) = 1%), 3%-16% (w(SRA) =
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2%), and 5%-19% (w(SRA) = 4%) reductions in splitting tensile strength (Table 9).
Table 10 presents the average modulus of elasticity for the mixtures after 7 and 28 days
of drying. The modulus of elasticity increases with increasing compressive strength. The effect
of SRA addition on the elastic modulus is not significant when w(SRA) is less than 2%. In
some cases, with a 4% addition of the SRA, the elastic modulus of concrete was marginally
reduced from 13% after 7 days of drying to 5% after 28 days of drying.
The free shrinkage of prismatic specimens after 120 days of drying is shown in Figure 1. The
use of SRA significantly reduces the drying shrinkage of HPC. The increase of SRA content in
concrete mixtures decreases the magnitude of drying shrinkage.
Figure 1 Drying shrinkage of HPC with and without SRA
From the values of reduction percentage in drying shrinkage in Table 11, the efficiency of
SRA in reducing shrinkage of concrete with only 24 hours of moist curing is clear. Compared
to concrete without SRA, the reductions of shrinkage strain of a concrete mixture due to the
addition of 1%, 2% and 4% of SRA after 120 days of drying were, respectively, 21.21%,
34.55% and 37.58% for the mixture with mW/mB = 0.40, and 30.07%, 36.71% and 40.91% for
the mixture with mW/mB = 0.22. The shrinkage reduction was more pronounced when SRA was
used in conjunction with SF and FA (mixture with mW/mB = 0.22).
Table 11 Reduction percentages in drying shrinkage of concrete with SRA compared to concrete without SRA
Drying time
(d)
Reduction percentage in drying shrinkage (%)
mW/mB = 0.40 mW/mB = 0.22
w(SRA) =
0%
w(SRA) =
1%
w(SRA) =
2%
w(SRA) =
4%
w(SRA) =
0%
w(SRA) =
1%
w(SRA) =
2%
w(SRA) =
4%
28 20.59 28.15 47.48 32.08 40.09 42.45 20.59 28.15
90 20.25 35.44 40.19 34.91 37.09 41.09 20.25 35.44
120 21.21 34.55 37.58 30.07 36.71 40.91 21.21 34.55
In this study, the method of using SRAs to reduce shrinkage of concrete with one day of
curing has been shown to have a significant effect. The benefit from SRAs in reducing
shrinkage and cracking is very high. It should also be noted that SRA is most effective in
reducing early-age shrinkage, mainly due to the slow development of material properties at early
ages. Reducing the early-age shrinkage of concrete is vital to preventing early-age cracking.
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4 Conclusions
This study investigated the effects of SRA on drying shrinkage and mechanical properties
of HPC. The following conclusions can be drawn from the experimental results:
(1) The addition of SRA causes an increase in slump, so the workability of concrete
increases.
(2) The presence of SRA causes lower early strengths than those found in mixtures without
SRA. This strength loss can be offset to some degree by reducing the mixing water content and
taking advantage of the water-reducing effects of SRAaddition.
(3) The presence of SRA also influences drying shrinkage. The reduction in drying
shrinkage of HPC is very significant when the moist-curing period is one day.
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